Physical dormancy of seed is an adaptive trait that widely exists in higher plants. This kind of dormancy is caused by a waterimpermeable layer that blocks water and oxygen from the surrounding environment and keeps embryos in a viable status for a long time. Most of the work on hardseededness has focused on morphological structure and phenolic content of seed coat. The molecular mechanism underlying physical dormancy remains largely elusive. By screening a large number of Tnt1 retrotransposontagged Medicago truncatula lines, we identified nondormant seed mutants from this model legume species. Unlike wild-type hard seeds exhibiting physical dormancy, the mature mutant seeds imbibed water quickly and germinated easily, without the need for scarification. Microscopic observations of cross sections showed that the mutant phenotype was caused by a dysfunctional palisade cuticle layer in the seed coat. Chemical analysis found differences in lipid monomer composition between the wild-type and mutant seed coats. Genetic and molecular analyses revealed that a class II KNOTTED-like homeobox (KNOXII) gene, KNOX4, was responsible for the loss of physical dormancy in the seeds of the mutants. Microarray and chromatin immunoprecipitation analyses identified CYP86A, a gene associated with cutin biosynthesis, as one of the downstream target genes of KNOX4. This study elucidated a novel molecular mechanism of physical dormancy and revealed a new role of class II KNOX genes. Furthermore, KNOX4-like genes exist widely in seed plants but are lacking in nonseed species, indicating that KNOX4 may have diverged from the other KNOXII genes during the evolution of seed plants.
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seed physical dormancy | class II KNOX | hardseededness | Medicago truncatula | seed coat S eed dormancy is a complex adaptive trait of higher plants that allows embryos to survive extended periods of unfavorable environmental conditions (1) . Over the course of evolution, plant seeds have evolved diverse dormancy forms in response to various climates to maintain viability (2) . Physical dormancy, also termed hardseededness, is an exogenous dormancy caused by a water-impermeable hard seed coat. Physical dormancy plays a key role in protecting seeds against microbial attacks and predators and maintaining seed banks in soils (3) (4) (5) . This type of dormancy has been found in at least 17 plant families and is very common in legume species (2, 6, 7) . Seed exhibiting physical dormancy is characterized by specific morphological features, including a water-impermeable palisade cell layer covered by intact cuticles in the hard seed coat. This structure blocks water and oxygen from its surrounding environment and preserves seeds in a viable status for a long time, sometimes for more than hundreds of years (8) . Another common type of seed dormancy is physiological dormancy, which is caused by endogenous factors (e.g., abscisic acid) in embryos. Most molecular studies on seed dormancy have focused on physiological dormancy, using model species Arabidopsis thaliana (9, 10).
However, A. thaliana seed is water-permeable, and thus not a suitable model to study physical dormancy.
Current knowledge about physical dormancy mainly comes from studies on morphological structure, phenolic content, and cuticle composition in legume species. Typically, wild legumes produce impermeable (hard) seeds, whereas domesticated cultivars tend to produce permeable (soft) seeds, despite a wide range of variation in water imbibition rate (11) (12) (13) (14) . Careful scraping of a small outer layer of seed coat (deposits and cuticle) or brief disruption of outer cuticle changed the impermeable seeds to permeable ones (15) . Morphological observation indicated that seed hardness was associated with the structure of palisade and cuticular layer (16) . Numerous minute cracks were observed in permeable cultivated soybean seeds, but not in impermeable cultivated and wild soybean seeds (13, 16) . Chemical composition analysis revealed that the impermeable seeds contained a higher amount of hydroxylated fatty acids than permeable seeds (14) . At the molecular level, seed hardness has been identified as a quantitative trait in soybean (17, 18) . With quantitative trait locus marker analysis, two single nucleotide polymorphism alleles were found to be associated with a seed coat permeability trait in various soybean cultivars (19, 20) . The mechanisms that change seed coat properties remain unknown. In contrast to the vast amount of available information regarding hormone-mediated physiological dormancy (9) , and partially because of the lack of a good model system, the understanding of the molecular mechanism controlling physical dormancy is very limited.
Significance
Physical dormancy, often called hardseededness, exists widely in higher plants. This adaptive trait allows plants to maintain a seed bank in soil, and thus survive unfavorable environmental conditions. The molecular mechanism of physical dormancy is largely elusive. We used the model legume plant, Medicago truncatula, to study this trait because this species produces seeds with typical physical dormancy. By screening a large M. truncatula population tagged with a retrotransposon, we isolated mutant seeds that lost physical dormancy. Genetic and molecular analyses revealed that a class II KNOTTED-like homeobox (KNOX) gene, KNOX4, controls physical dormancy by regulating seed-coat cuticle development. The study provides an understanding of the molecular mechanism of physical dormancy and offers a perspective for seed plant evolution. In recent years, Medicago truncatula has been developed into a model legume and effectively used for studying compound leaf development and nitrogen fixation (21) (22) (23) (24) (25) . The seeds of M. truncatula belong to a classic hardseededness type. In general, wild-type M. truncatula seeds display strict physical dormancy and do not germinate unless the dormancy is disrupted by scarification. Thus, M. truncatula is an ideal model to study seed physical dormancy. To identify mutants with defects in physical dormancy, we screened a large number of retrotransposon-tagged M. truncatula lines and successfully isolated nondormant seed mutants. Detailed molecular analyses revealed that a class II KNOX (KNOTTEDlike homeobox) gene, KNOX4, was responsible for the physical dormancy phenotype. The loss of function of KNOX4 caused dysfunctional palisade cuticles in the mutant seeds, allowing the seeds to absorb water easily. The results demonstrate a novel molecular mechanism underlying physical dormancy and provide implications for understanding seed plant evolution.
Results
Isolation and Characterization of Mutants Without Physical Dormancy.
Wild-type M. truncatula seeds do not absorb water or germinate without scarification, even when covered with water. By screening more than 10,000 M. truncatula mutant lines tagged with the transposable element of tobacco (Nicotiana tabacum) cell type 1 (Tnt1 retrotransposon), we identified five mutants that showed no physical dormancy. The mutant seeds were able to germinate directly within intact mature pods and grew into seedlings in the greenhouse (Fig. 1A) . To confirm the mutant phenotype, we investigated the seed imbibition process in sterile water and found that the mutant seeds imbibed water very quickly, without any scarification treatment (Movie S1). Seed swelling was observed in the mutants after merely 10 min in water, whereas the wild-type seeds remained static after days in water ( Fig. 1 B and C) . More than 90% of mutant seeds were able to germinate without scarification, whereas the wild-type seeds showed a similar germination rate only after scarification treatment (SI Appendix, Fig. S1A ). These results demonstrated that the mutant seeds lost physical dormancy. Scanning electron microscopy (SEM) was used to detect the differences in seed coat morphology between the mutant and the wild-type. In wild-type seeds, the surface was very smooth, with regularly arranged dome-like epidermal cells. In contrast, the mutant seed surface was wrinkled, with an irregular shape (Fig. 1D ).
Physical Dormancy Is Controlled by KNOX4. To study the genetics of the physical dormancy trait, we crossed the mutants with the wild-type and produced F1 and F2 populations. Seeds from all F1 plants were like the wild-type and showed physical dormancy. In the F2 populations, the segregation ratio of dormant and nondormant seeds was ∼3:1 (SI Appendix, Fig. S1B ). The results showed that the loss of physical dormancy in the mutant was caused by a single recessive gene. To identify the gene responsible for physical dormancy, we performed thermal asymmetric interlaced PCR (TAIL-PCR) to recover the flanking sequences from a mutant line, and one sequence was found to be associated with the mutant phenotype. Sequence analysis revealed that the Tnt1 retrotransposon was inserted in the first exon region of the gene Medtr5g011070. On the basis of sequence similarity and structure analyses, Medtr5g011070 codes for a class II KNOX protein named KNOX4. Among the five mutants analyzed, four lines (mtknox4-1, mtknox4-2, mtknox4-3, and mtknox4-4) carried a single Tnt1 retrotransposon insertion (SI Appendix, Fig. S2A ). Transcripts were not detectable by RT-PCR in these lines (SI Appendix, Fig. S2B ). The fifth line (mtknox4-5) had a single basepair deletion in the fourth exon and induced a reading-frame shift mutation (SI Appendix, Fig. S2A ).
To further confirm the function of KNOX4 in seed physical dormancy, we performed a complementation experiment. The KNOX4 coding sequence driven by its native promoter was transformed into homozygous mtknox4-1 plants. Seeds harvested from the transgenic plants showed physical dormancy similar to that of the wild-type seeds (SI Appendix, Fig. S2C ).
Expression Pattern of KNOX4. According to the M. truncatula gene expression atlas (mtgea.noble.org/v2), KNOX4 expression is highest in the seed coat compared with other tissues and organs ( Fig. 2A) . To investigate the detailed expression pattern, we performed in situ hybridization analysis of KNOX4 mRNA in the seed coat tissues. Strong signals were detected in the outermost epidermal cells in the seed coat ( Fig. 2 B and C) . We also isolated the KNOX4 promoter, fused the promoter with the β-glucuronidase (GUS) gene, and introduced the construct into wild-type M. truncatula. Strong GUS activity was detected in immature seed coat and palisade cells of mature seed coat (Fig. 2 D-F) . observed that many microcracks formed in the mutant seeds, but not in the wild-type, when the seeds were placed under vacuum for SEM observation (SI Appendix, Fig. S3 ). This finding suggests that the mutant palisade cuticle was very fragile, and physical change has happened in the mutant seed coat. To further investigate the structural differences between wild-type palisade cuticle layers and those of the mutant, seed coat cryosections stained with toluidine blue were observed. In the wild-type, the palisade cells were well covered with a regularly continuous cuticle layer; however, such a cuticle layer was impaired in the mutant (Fig. 3 A and B) . In addition, a clear light line under the cuticle layers was observed in the wild-type (Fig. 3A) , whereas the line disappeared in the mutant (Fig. 3B) . To track the development process of the palisade cuticle layer, we prepared and examined cross sections of the wildtype and mutant seed coats at different developmental stages. The cuticle layers started to show significant differences at day 12, and the differences became more obvious at later stages (Fig. 3 C-J) . Thus, the knox4 mutant developed a structurally anomalous cuticle. These results indicated that KNOX4 was involved in seed coat development.
Mutation of KNOX4 Altered Seed Coat Cuticle Composition. To evaluate the changes that happened in the mutant seed coat cuticle layer, we analyzed cuticle composition. Mature seeds from the wild-type and knox4-1 mutant were first immersed in chloroform to extract cuticular waxes, which were largely composed of 16:0-24:0 fatty acids and lacked components typically associated with plant cuticles; namely, n-alkanes, 1-alkanols, and wax esters. No significant differences were found between the total waxes extracted from the wild-type and knox4-1 seed surfaces (SI Appendix, Fig. S4 ). However, significant reductions in the loads of very long chain acids and β-amyrin were observed.
To determine monomer composition of the polymeric component of the cuticle, delipidated residues from whole seeds were subjected to sodium methoxide-based transmethylation (26) . This method bypasses cuticle isolation steps, and therefore determines lipid polyester monomers from seed coat integuments and embryo. Overall, the mutant seeds contained lower amounts of cutin than the wild-type, but such reduction was not significant (t test, two-sided, P < 0.05). At the individual monomer level, the major change was observed in the loads of 18:2 18-OH in both mutants. Differences in the content of aromatics, fatty acids, fatty alcohols, and α, ω-dicarboxylic acids were not so consistent in the two mutants, with some monomers presenting significant differences from the wild-type in the knox4-1 or knox4-2 samples, but not in both (Fig. 4) . Deficiency in hydroxylated fatty acids may have altered cuticle layer permeability (14) , which is a possible reason for the change in physical dormancy. Changes in some sterols were also observed, but these membrane lipids are not believed to be cutin components.
KNOX4 Directly Regulates Cuticle Biosynthetic Genes. We performed microarray experiments with isolated seed coat tissues from the wild-type and the mutant to investigate potential downstream genes of KNOX4. The results indicated that more than 500 probe sets were down-regulated more than twofold in the knox4 mutants (SI Appendix, Fig. S5 ). According to Gene Ontology and Mapman analysis, genes involved in lipid metabolism and cell wall pathways were significantly down-regulated (SI Appendix, Fig. S6 ). Several key genes related to cuticle biosynthesis were identified, such as the cytochrome P450-dependent fatty acid omega-hydroxylase (Medtr8g030590) and fatty acid elongase 3-ketoacyl-CoA synthase (Medtr2g114190) (SI Appendix, Table  S1 ). Phylogenetic analysis indicated that Medtr8g030590 is an ortholog of Arabidopsis CYP86A (Fig. 5A ). The CYP86A family plays an important role in the cuticle biosynthetic pathway (27) . M. truncatula CYP86A genes showed high expression level in seed coat (Fig. 5B) . We isolated two CYP86A loss-of-function mutant alleles from the Tnt1-tagged mutant population (Fig. 5C ).
The mutant seed coat showed high permeability to toluidine blue staining assay (Fig. 5D ), but seeds from cyp86A homozygous plants were aborted. All heterozygous plants still produced seeds with physical dormancy. This observation indicates that CYP86A is critical for seed coat permeability in M. truncatula.
To investigate in vivo associations between KNOX4 and CYP86A, we performed chromatin immunoprecipitation (ChIP) assay, using a transgenic line that expressed a fusion of green fluorescent protein (GFP) with KNOX4 in the mutant background (SI Appendix, MtCYP86A (SI Appendix, Fig. S7C ), suggesting KNOX4 regulates the cuticle biosynthesis pathway during M. truncatula seed coat development. Table  S2 ). In the large phylogeny of class II KNOX transcription factors, KNOX4-like genes form one separate clade. All the remaining KNOXII genes form another clade; many genes in this clade await functional characterization. Interestingly, the analysis showed that KNOX4-like genes only exist in seed plants (Fig. 6A) , whereas no genes homologous to KNOX4 were found in nonseed plant species (Fig. 6B) . Other KNOXII genes exist in both nonseed and seed plant species. Thus, KNOX4 may have diverged from the other KNOXII genes with the appearance of seed plants and kept a conserved function in the seed coat during the evolution for adaption to land life.
Discussion
The presence and absence of physical dormancy in the wild-type and mutant seeds of M. truncatula were distinct and clear, thus setting the basis for detailed genetic analysis and elucidation of the underlying molecular mechanism of this important ecological and agronomic trait. We identified multiple mutant lines and, to our knowledge for the first time, isolated a critical gene controlling physical dormancy in a species that typically produces hard seeds. KNOX4 belongs to the class II KNOX family in plants. Different from class I KNOX genes, which are well known for their roles in maintenance of shoot apical meristem (25, (28) (29) (30) (31) , class II KNOX genes show diverse expression patterns and few known functions (30, 32, 33) . This study revealed a previously unidentified function of this class II KNOX gene.
Anatomical analysis showed that loss of function of KNOX4 altered the integrity of cuticles and cell wall structure. Chemical analysis revealed a difference in cutin monomer composition between the mutants and wild-type seed coats, with 18:2 ω-hydroxy fatty acid being particularly affected. Therefore, loss of function of KNOX4 resulted in abnormal cuticle composition that led to altered seed coat structure and permeability (SI Appendix, Fig. S8 ).
Microarray and ChIP-PCR analyses identified CYP86A as one of the downstream target genes of KNOX4. CYP86A is a cytochrome P450 monooxygenase and is associated with extracellular lipid polyester biosynthesis. In Arabidopsis, CYP86A2/ATT1, CYP86A4, and CYP86A1 contribute to the modification of aliphatic lipid polyester monomers in leaf, flower, and seed, respectively (34-37), whereas CYP86A8/LCR participates in cutin formation in various organs (34) . Loss-of-function mutants of Arabidopsis CYP86A8/LCR and ATT1 presented increased epidermal permeability (34, 36) . In tomato (Solanum lycopersicum), a CYP86A mutant showed a thinner cuticle layer, reduced amount of cutin monomers, and faster water loss in fruit than the corresponding wild-type (38) . The CYP86A mutant we identified in M. truncatula showed strong seed coat permeability demonstrated by toluidine blue staining. Similarly, seed coat of the knox4 mutant was also stainable by toluidine blue (SI Appendix, Fig. S9 ). These results indicate that at least one of the mechanisms of KNOX4 in controlling physical dormancy is through the regulation of genes involved in cuticle formation. It has been shown that seeds of M. truncatula have weak (nondeep) physiological dormancy and that such dormancy is removed during after-ripening (7). The kinetics of physical dormancy release are slower than that of physiological dormancy, making it possible to uncouple the two types of dormancies (7). Graeber et al. (10) summarized all described genes associated with the induction and release of physiological dormancy. None of these genes was affected in our microarray analysis, indicating that KNOX4 is only involved in physical dormancy in M. truncatula.
Physical dormancy is lost or partially lost during the domestication process in legume crops. For example, cultivated soybeans show different degrees of seed coat permeability that are controlled by quantitative trait loci (17, 18) . Recently, a quantitative trait locus encoding calcineurin-like protein, GmHs1-1, was isolated by map-based cloning and reported to contribute to hardseededness in soybean with unknown mechanism (20) . At the same time, an endo-1,4-β-glucanase gene, qHS1, was cloned by fine mapping and reported to be responsible for the formation of minute cracks by changing cell wall structure (19) . Interestingly, these two genes are adjacent to each other in the physical map. The expression levels of the GmHs1-1 and qHS1 homologs in M. truncatula did not show significant changes in our knox4 mutant, suggesting different pathways may control seed physical dormancy.
Compared with lower plants such as bryophytes, seed plants have evolved and developed into abundant species and widely adapted to a range of environments from arid deserts to tropical regions. The seed coat protecting the embryo and other storage tissues provides an evolutionary advantage for seed survival, propagation, and succession. Our phylogenetic analysis revealed that KNOX4-like genes exist widely in seed plants but are lacking in nonseed species. Interestingly, KNOTTED-LIKE FROM ARABIDOPSIS THALIANA7 (KNAT7), a KNOX4-like gene in Arabidopsis, also showed high transcript level in seed coat and modulates mucilage deposition in the seed coat of Arabidopsis (39). Mucilage in plants plays an important role in the storage of water, which is beneficial for seed germination. This indicates that in species without physical dormancy, KNOX4-like genes may still play a role in protecting the embryos. Taken together, the KNOX4 transcription factors may have a conserved function during seed evolution for adaption to land life in seed plants.
In summary, we have shown that M. truncatula is an ideal model for studying physical dormancy of seeds. KNOX4 is a key regulator for seed coat development and controls seed physical dormancy by affecting downstream cuticle genes. This study elucidated a novel molecular mechanism of physical dormancy and revealed a new role of class II KNOX genes. Furthermore, the research shed light on the molecular evolution of seed plants.
Materials and Methods
Plant Materials and Growth Conditions. M. truncatula ecotype R108 was used as the wild-type for all the experiments in this paper. All knox4 mutant alleles were isolated from a Tnt1 retrotransposon-tagged mutant collection of M. truncatula. TAIL-PCR and RT-PCR were performed to determine the defective gene that caused the nondormant phenotype. Plants were grown under the following conditions: 22°C/20°C day/night temperature, 16-h/8-h day/night photoperiod, 70-80% relative humidity, and 150 μmol·m Microscopic Observations of Seed Coat. At least 100 intact seeds were used for imbibition assays. Water uptake process was observed, and pictures were taken under microscope. Seeds were rubbed with sandpaper for scarification. For SEM observation, dry mature seeds were cut with a sharp razor blade at the central region. SEM analysis was performed as described previously (24, 40 GUS Staining. Immature and mature (before dehydration) seeds were collected for GUS staining. GUS activity was histochemically detected as previously described (41) . Cross section was performed to observe the GUS signal in seed coat.
Lipid Polyesters Analysis. The wild-type and mutant dry seed samples were ground, and dry residues were depolymerized by methanolysis in the presence of sodium methoxide. The depolymerization products extracted by CH 2 Cl 2 were derivatized by treatment with N,O Bis-trimethylsilyl-trifluoroacetamide to form trimethylsilyl ethers, and the monomers were analyzed by gas chromatography (26, 42) .
Plasmids and Plant Transformation. For functional complementation, a 6.5-kb MtKNOX4 genomic sequence including promoter and the coding sequence were amplified from the wild-type, and then inserted into pENTR/D-TOPO cloning vector (Invitrogen). The positive clone was transferred into the pEarleyGate 301 vector, using the Gateway LR recombination reactions (Invitrogen). The resulting construct was introduced into Agrobacterium tumefaciens EHA105 strain. Sterile mutant seedlings were used for stable transformation.
ChIP Assay. Immunoprecipitation was conducted using the transgenic plants expressing Pro35S::GFP-KNOX in the knox4 mutant background with GFP fluorescence signal and showing normal seed physical dormancy phenotype. The wild-type plants were used as control. Three hundred milligrams fresh seed coat were fixed in 1% formaldehyde and washed three times. ChIP assay was performed according to the method previously described (43, 44) . Anti-GFP antibody (Roche) was used for the immunoprecipitation. The precipitated DNA was dissolved in TE buffer (10 mM Tris, 1 mM EDTA at pH 8.0) for quantitative PCR. M. truncatula ubiquitin gene was used as the control.
Phylogenetic Analysis. The amino acid sequences of KNOXII family members from nonseed plants such as moss and seed plants including different angiosperm species were included for phylogenetic analysis (SI Appendix, Table  S2 ). Alignments were performed with Clustal Mega with default parameters (www.ebi.ac.uk/Tools/msa/clustalo/). The MEG6 program was used to make the phylogenetic tree, using the neighbor joining with 1,000 bootstrap replications (www.megasoftware.net). 
